The convoluted architecture of dendritic arbors poses a challenge to understanding age-18 dependent alterations and regeneration following injury. Here, we show that induction of 19 cellular fusogens can remodel and facilitate regeneration of dendrites in polymodal PVD 20 neurons of aging Caenorhabditis elegans. Using whole-animal live imaging, we find that the 21 PVD dendritic trees, composed of repetitive "menorah" units, show age-dependent 22 hyperbranching, disorganization, and loss of self-avoidance. These processes, while 23 independent of canonical lifespan-regulating pathways, can be partially rescued by ectopic 24 expression of the fusogen EFF-1. Furthermore, the decreased capacity of old animals to 25 repair laser-induced severed dendrites via auto-fusion can be restored by reducing DAF-2 26 (Insulin/IGF-1Receptor) function or by ectopic expression of the EFF-1 paralog AFF-1. Our 27 findings demonstrate that fusogens are sufficient to maintain the dendritic arbor structure and 28 increase its regeneration potential in aging animals. These antiaging strategies can be 29 potentially applied to other organisms to protect them from neurodegeneration. 30 31 Introduction 32
Introduction 32
Aging is the primary risk for neuronal diseases and general cognitive decline in humans 1 , 33 yet, our understanding of the process of neuronal aging at the molecular and cell biological 34 levels is still limited. In particular, very few studies have investigated the fate of complex 35 dendritic arbors during aging, and their regenerative capacity following injury. C. elegans is 36 a powerful system to study the genetics of neuronal aging and regeneration [2] [3] [4] . Signaling via 37 affects this process of neuronal repair. To study dendritic regeneration we severed the fusion fails to occur, the detached distal part eventually degenerates. We found that 2-3 day-154 old wild-type adults respond more slowly to laser dendrotomy in comparison to L4 and 155 young adults (~70% of the young animals presented regeneration, whereas at the age of 2-3d 156 neither regeneration nor degeneration occurred within 3-6 hours ( Figure 6E and Movie S4). 157
At the age of 5 days, the ability to regenerate by dendrite auto-fusion was almost completely 158 lost ( Figure 6C and 6F) . Remarkably, long-lived daf-2 mutants showed similar regeneration 159 to wild-type at L4 stage ( Figure 6B and 6F), whereas at older age (5d) daf-2 mutants had a 160 much higher regenerative ability than wild-types (70% successful regeneration in daf-2 161 versus 12.5% in wild-type) ( Figure 6D and 6F). Similarly to axonal response to injury 11 , 162
we found that DAF-2 inhibits regeneration of aged dendrites through inhibition of DAF-16, 163
as daf-16 mutants and daf-2;daf-16 double mutants showed regenerative decline during aging 164 similar to wild-type ( Figure 6F ). In conclusion, our results reveal that dendrite regeneration 165 peer-reviewed) is the author/funder. All rights reserved. No reuse allowed without permission.
The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/062679 doi: bioRxiv preprint first posted online  following transection declines with aging, a phenotype that is dependent on DAF-2/IGF-1R 166 and its target DAF-16/FOXO. 167 168 AFF-1 mediates and restores dendrite regeneration in aged animals 169 protein related to EFF-1 that executes several fusion events during development 34 . aff-1 171 mutants have no evident morphological phenotypes in the PVD neuron and expression has 172 not been detected in the PVD (Figure 5-figure supplement 1) ; moreover, when AFF-1 is 173 ectopically expressed in the PVD in an eff-1 mutant background it does not retract excess 174 branching, demonstrating that it is unable to rescue the pruning defects of eff-1 (Figure 7 -175 figure supplement 1). However, AFF-1 is required for dendrite fusion in response to injury 176 in L4s and young adults 35 . Adults carrying loss-of-function mutations in aff-1 have severe 177 egg laying defects, shorter life spans and excretory system defects that prevented us from 178 studying regeneration in aging aff-1 mutant animals. 179 We next tested whether AFF-1 can restore the regenerative ability of dendrites in 180 older animals by overexpressing AFF-1 specifically in the PVD (PVDp::AFF-1; Figure 7 -181 figure supplement 2). We found that menorahs of young animals expressing PVDp::AFF-1 182 appeared morphologically wild-type and responded similarly to dendrotomy ( Figure 7A , 183 Movie S5). However, when 5-day old PVDp::AFF-1 animals were dendrotomized, the 184 percentage of regenerating worms by dendrite fusion was significantly higher compared to 185 wild-type animals (60-80% and 13%, respectively; Figure 7B and 7C, Movie S6). 186
Thus, AFF-1-specific overexpression in the PVD, as well as systemic daf-2 reduction 187 of function, enables dendrite regeneration in older animals ( Figures 6F and 7C) . 188 189 peer-reviewed) is the author/funder. All rights reserved. No reuse allowed without permission.
The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/062679 doi: bioRxiv preprint first posted online Jul. 7, 2016; type and PVDp::AFF-1 animals at the L4 stage, the most prevalent mechanism of repair is 197 menorah-menorah fusion, whereas in daf-2 mutants menorah-menorah together with 1ry-1ry 198 fusion (outcome 3) increased compared to wild-type ( Figure 8B-8D) . In wild-type, we found 199 degeneration in 50% (2-4d) and 80% (5-6d) of the dendrotomized animals ( Figure 8E peer-reviewed) is the author/funder. All rights reserved. No reuse allowed without permission.
The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/062679 doi: bioRxiv preprint first posted online  arbors during aging, and reduced arborization in senile dementia 46 . However, it remains 218 unclear whether there is a direct link between altered dendritic structure and reduced function 219 in mammals. Axons of aging neurons also show altered morphologies in diverse species. In 220 C. elegans these axonal alterations are not affected by organismal longevity 11, 42, 43, 47 . Here we 221 also found that dendritic alterations during aging are not affected by chronological age; 222 however, unlike the PVD dendrites, in axons the daf-2 mutation was found to delay the 223 morphological alterations of aged animals [8] [9] [10] . Nevertheless, the daf-2 effect in age-related 224 axonal branching was reported to be uncoupled of its role in extending the lifespan of the 225 worms 8, 9 . It thus appears that DAF-2 is specifically involved in cell-autonomous pathways 226 that maintain axonal, but not dendritic morphology. While progressive age-related 227 hyperbranching of the PVD arbors was independent of insulin/IGF-1 pathway, 228 overexpression of EFF-1 in the PVD was sufficient to partially rescue this phenotype in old 229 animals ( Figure 5 ). EFF-1 appears to act cell-autonomously to simplify the dendritic trees 230 via its pruning activity mediated by branch retraction 23 (Figures 5 and 9) . 231 232
AFF-1 restores regeneration of old broken dendrites via plasma membrane fusion 233
We further found that dendrite regeneration following PVD dendrotomy decreases with age. 234
This decline was "rescued" in daf-2 mutants (Figure 6 ). Axonal regeneration is known to 235 decline with age in different organisms 11, 42, 43, [47] [48] [49] . In GABA neurons of C. elegans the 236 decline in axonal regeneration is also delayed in daf-2 mutants 11 . However, these neurons do 237 peer-reviewed) is the author/funder. All rights reserved. No reuse allowed without permission. 
295

Live imaging of worms 296
Time-lapse imaging and short imaging (one time point) of worms by Nomarski optics and 297 fluorescence microscopy was performed using a Nikon eclipse Ti inverted microscope with 298
Yokogawa CSU-X1 spinning disk or using the Zeiss Laser Scanning Microscope (LSM) 510 299 META. Animals were anesthetized using 0.1% tricaine and 0.01% tetramisole in M9 300 solution for 20-30 minutes, and then they were transferred to a 3% agar slide with an eyelash 301 attached to a toothpick. For short time imaging worms were often mounted on 3% agar slides 302 containing 5-10 mM NaN 3 instead. Image acquisition was done using Andor iQ or 303
Metamorph software, when using the spinning disk confocal (SDC), and Zen software when 304 using the LSM 510 meta microscope. Z-stacks were taken with PlanApochromat 60x oil 305 NA=1.4 objective using the SDC or 63x NA=1.4 objective using the LSM. Excitation of 306 GFP and green Kaede was done with 488 nm wavelength laser and 525 filter (6-15%, 50 ms 307 exposure time), RFP and red Kaede was excited with 561 nm wavelength laser and 607 filter 308 (15-20%, 50-100 ms exposure time). When using the sCMOS (Andor) camera z-stacks were 309 taken with ~0.23 µm z-step. With iXon EMCCD camera (Andor) z-stacks were taken with 310 peer-reviewed) is the author/funder. All rights reserved. No reuse allowed without permission.
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Multidimensional data was reconstructed as maximum intensity projections using the FIJI 312 software (NIH Image). Images were prepared using Imaris, FIJI and Adobe Photoshop CS5. 313
Final figures were constructed using Adobe Illustrator CS5.1. 314 315
Laser dendrotomies 316
Micropoint, pulsed nitrogen laser, or the tunable Chameleon Ultra Ti-Sapphire laser system 317 (two-photon), were used to sever the primary dendrite of the PVD. The Micropoint system 318 was used on the Nikon eclipse Ti inverted microscope with Yokogawa CSU-X1 spinning 319 disk. In order to transect neurons, we used 405 beamsplitter and 365nm dye cell and either 320 IQ or Metamorph software. We used highest levels with the attenuator plate (all the way in), 321 while the software controlled attenuator was adjusted between 80-90% when using IQ, and 322 30-50% when using Metamorph. Roughly 15 pulses at 10 Hz were administered for each cut 323 in IQ and Metamorph. For all worms the primary dendrite was injured anterior to cell body. 324
Animals were imaged and a z-stack was collected immediately after cut to confirm that the 325 injury was successful. 326
The two-photon system was used on the Zeiss LSM 510 META microscope. The 327 laser produces 200fs short pulses at 113MHz repetition rate and energy of 5nJ. In order to 328 cut neurons we used 820 nm wavelength and 20-30% laser power using the Zen software. 329
Worms were imaged immediately after cut to confirm that the injury was successful, and z-330 stacks were taken using the spinning disk confocal system or the LSM 510 META as 331 described for live imaging of worms. After surgery, animals were recovered on NGM agar 332 plates seeded with OP50 in a drop of M9 and imaged again later, or time-lapse movies were 333 immediately acquired. 334 peer-reviewed) is the author/funder. All rights reserved. No reuse allowed without permission.
In order to verify that dendrites fuse as response to injury we used the photoconvertible 341
protein Kaede driven by a PVD specific promoter ser-2prom3. Irreversible photoconversion 342 of the green Kaede to red Kaede was achieved using Mosaic system on the Nikon eclipse Ti 343 inverted microscope with Yokogawa CSU-X1 spinning disk, at 405 nm, 20-50 ms exposure 344 time with 10-20 repeats across the region of interest, which was always the cell body, using 345 either IQ or Metamorph software. 346 347
Morphological quantitation of the PVD 348
Branch count and disorganization of menorahs was counted in the 100 µm around cell body 349 (unless otherwise stated), as previously described 23 . Lack of self-avoidance between 350 adjacent menorahs was determined in the same region as previously described 40 
4(e1611))
54 . mec-3(e1338) worms were used as negative control 41 . Significant differences 359 between the ages were determined by the χ2 test. 360 361
Life-span assay 362
Lifespan assays were carried out at 20°C as previously described 55 . A population of worms 363 was synchronized using hypochlorite and NaOH solution and ~100 animals at the L4 364 "Christmas tree" stage were placed on NGM plates containing 49.5 µM 5-Fluoro-2′-365 deoxyuridine (FUDR, Sigma, F0503) seeded with OP50 E. coli, at a density of 20 worms per 366 6 cm plate. Adult day 1 was designated as the day after the L4 larval stage that served as 367 time 0. Animals were scored as dead or alive every 2-3 days until all animals died. An 368 animal was scored dead when it did not move or react at all to prodding with a platinum wire. 369
Animals that crawled off of the plate, were trapped in fungal infection, "exploded" (i.e., 370 showed extruded tissue from the vulva), or showed internal hatching ("bagging"), were 371 excluded. If plates were contaminated, animals were transferred to fresh plates, using 372 platinum wire. Statistical significance was determined using the Log-Rank 
Model of morphological and regenerative antiaging activities on dendritic arbors 650
Morphological aging of PVD menorahs is a progressive and dynamic process that results in 651 loss of self-avoidance, disorganization and hyperbranching. When the fusogen EFF-1 is 652 ectopically expressed in the PVD neuron it has an antiaging activity that involves pruning of 653 hyperbranched dendritic trees. 654
Aged menorahs lose their regenerative potential because following laser-induced 655 dendrotomy old neurons usually fail to auto-fuse broken dendrites and undergo degeneration. 656 DAF-2/ IGF-1R negatively regulates the regeneration process. When the fusogen AFF-1 is 657 ectopically expressed in the PVD neuron it has an antiaging activity that promotes auto-658 fusion of old transected primary dendrites. 659 660
661
Supplementary Figures 662 663
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The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/062679 doi: bioRxiv preprint first posted online Jul. 7, 2016; 664 665 sharpening is delayed in daf-2. We performed three way analysis of variance (ANOVA) to 670 compare between wt (A) and daf-2 (B). The contribution of body position and age to 671 branching were significant (p=0.0001 and p=1.4X10 -6 , respectively). Age*genotype, body 672 position*genotype, body position*age and genotype alone were significant (p=0.007, 673 p=0.001, p=0.043 and p=0.023, respectively). Number of animals: wt n ≥ 2; daf-2 n ≥ 3. 674 (C-H) Each bar is a 100 µm long PVD region. Bars and schematic menorahs on the bottom: 675 2ry, magenta; 3ry, red; 4ry, green; 5ry, orange; 6ry, yellow; 7ry, brown. 676 677 peer-reviewed) is the author/funder. All rights reserved. No reuse allowed without permission.
The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/062679 doi: bioRxiv preprint first posted online Jul. 7, 2016; Fusion is a crucial step in regeneration of injured dendrites 693 (A) Scheme describing the fusion assay using a photoconvertible fluorescent marker Kaede. 694
Primary dendrite is injured using a laser, then the animal is recovered and imaged again after 695 ~24 hours in green and red channels. Green Kaede is photoconverted using a U.V. laser 696 focused to the cell body. After ~1 hour the spread of red Kaede is observed again. 697 (B) Upper panel: confocal reconstructions of wild-type L4 animal immediately after 698 dendrotomy, green fluorescence 24 hours after injury and before photoconversion, red 699 fluorescence before photoconversion and red fluorescence an hour after photoconversion of 700 the cell-body. In the lower panel are illustrations. Red kaede passed into the distal area, 701 meaning that the broken dendrite fused to the proximal part. 702 (C) A negative control showing L4 wild-type animal in which the primary branch did not 703 regenerate within 24 hours. Proximal menorahs are fused (arrows), but it did not bridge the 704 gap between the distal and proximal stumps (arrowheads). Indeed red kaede did not spread 705 into the detached distal stump. The order of images is the same as described in (B).
706
Lightings point at injury sites, arrows point at fusion sites. Scale bars, 20 µm. 707 peer-reviewed) is the author/funder. All rights reserved. No reuse allowed without permission.
